Passage through the -selection developmental checkpoint requires productive rearrangement of segments of the T cell antigen receptor- gene (Tcrb) and formation of a pre-TCR on the surface of CD4 − CD8 − thymocytes. How other receptors influence -selection is less well understood. Here we define a new role for the chemokine receptor CXCR4 during T cell development. CXCR4 functionally associated with the pre-TCR and influenced -selection by regulating the steady-state localization of immature thymocytes in thymic subregions, by facilitating optimal pre-TCR-induced survival signals, and by promoting thymocyte proliferation. We also characterize functionally relevant signaling molecules downstream of CXCR4 and the pre-TCR in thymocytes. Our data designate CXCR4 as a costimulator of the pre-TCR during -selection.
A r t i c l e s
The thymic microenvironment supports the differentiation and proliferation of bone marrow-derived progenitors as they enter and migrate through the thymus. Immature thymocytes that lack expression of the surface molecules CD4 and CD8 (double-negative (DN) thymocytes) can be further subcategorized into four distinct developmental stages (DN1, DN2, DN3 and DN4) on the basis of differences in their expression of the surface markers CD44 and CD25 (refs. 1, 2) . The developmental progression of DN thymocytes from DN1 to DN4 is influenced by their localization in the thymic architecture as well as signals from surface receptors 1, 3 . DN1 and DN2 thymocytes begin an outward migration from the cortico-medullary junction toward the outer cortex, with the DN3 subset localizing mainly at or near the subcapsular zone (SCZ) 4 . The β-selection developmental checkpoint, which screens for productive rearrangement of the T cell antigen receptor-β gene (Tcrb) and assembly of a surface pre-TCR complex, begins at the DN3 stage and is completed during the DN4 stage. This β-selection process coincides with a movement of the DN4 cells from the cortex back toward the medulla. Thymocytes that successfully progress through this checkpoint begin to express both CD4 and CD8 (double-positive (DP) thymocytes), undergo further maturation and differentiate into cells expressing only CD4 or CD8 (single-positive cells).
Chemokines and their receptors regulate the carefully orchestrated migration patterns of thymocytes and may provide additional signals that influence thymocyte differentiation 5, 6 . However, the specific chemokines that function just before or during the β-selection checkpoint and how they might influence pre-TCR signals are not well understood. The chemokine receptor CXCR4 (A000636) and its natural ligand SDF-1α (CXCL12) are widely expressed in tissues and have a major role in embryonic development 7 , hematopoiesis 8 , organogenesis and vascularization 9, 10 . In addition to regulating the trafficking 11 and homing of hematopoietic progenitors, CXCR4 acts as a coreceptor for human immunodeficiency virus 1 (HIV-1) 12 . SDF-1α and CXCR4 have been linked to the egress of mature singlepositive thymocytes from the thymus 13, 14 . CXCR4 also potentiates the responses of per ipheral T cells to TCR signals 15, 16 . However, the role of CXCR4 in regulating the β-selection checkpoint is unknown. A study using a bone marrow-chimera approach and deletion of CXCR4 mediated by Cre recombinase driven by the Lck promoter (Lck-Cre) has reported a developmental block at the DN1 stage 17 . However, that observation is puzzling, as the developmental arrest seen by those authors occurred before the stage at which Lck-Cremediated deletion of CXCR4 expression would be predicted to occur. Such an observation may have been due to technical aspects of the bone marrow-chimera approach, possibly related to colonizing niches in the thymus or competition between transferred and host progenitors. Thus, the role of CXCR4 in DN thymocyte development, specifically at the β-selection step, and how CXCR4 signals may integrate with pre-TCR signals remain to be defined.
As DN thymocytes undergo β-selection, signals emanating from the pre-TCR and potentially other receptors promote the survival, proliferation and differentiation of immature thymocytes 18 . Pre-TCR and Notch receptors expressed on DN thymocytes critically influence proliferation and differentiation during β-selection 19 . Early DN3 survival can be regulated by the pre-TCR, Notch and the interleukin 7 receptor 20 . Although a function has been suggested for the tumor suppressor p53 in restoring the cellularity of CD3γ-deficient thymocytes 21 , the induction of proteins of the antiapoptotic Bcl-2 family and progression, although it was difficult to resolve primary versus secondary effects of AMD3100 treatment in this experiment.
To genetically assess the role of CXCR4 in DN thymocyte development, we engineered mice with a loxP-flanked (floxed) Cxcr4 locus (Cxcr4 fl/fl ) 28 and crossed them with mice expressing the Cre recombinase under the Lck proximal promoter (Lck-Cre + mice), which mediates deletion of floxed loci in DN2 and DN3 thymocytes 29 ( Supplementary Fig. 2b ). Lck-Cre + Cxcr4 fl/fl mice had fewer thymocytes than did control Lck-Cre + Cxcr4 +/+ mice (Fig. 1d) . There was also a three-to fourfold higher percentage of DN thymocytes in the Lck-Cre + Cxcr4 fl/fl mice, as well as more DN3 thymocytes with concomitantly fewer DN4 thymocytes (Fig. 1d) . The absolute numbers of each thymic subset confirmed the diminished transition from DN3 to DN4 in Lck-Cre + Cxcr4 fl/fl mice ( Fig. 1e) . It is noteworthy that γδ thymocyte numbers were unaffected in these conditions (data not shown). These data suggest an essential role for CXCR4 expression on DN3 thymocytes for optimal progression through β-selection.
CXCR4 in thymocyte localization and survival
The differentiation of DN thymocytes occurs in distinct but tightly regulated locations in the cortex 4 . In wild-type C57BL/6 mice, CD25 + DN3 thymocytes were more abundant in the SCZ in the outer cortex than in the lower cortex or cortico-medullary junction 4 (Supplementary Fig. 1) . In contrast, CD25 + thymocytes in the Lck-Cre + Cxcr4 fl/fl thymi seemed to be aberrantly distributed between the SCZ and lower parts of the cortex ( Fig. 2a) , with substantial accumulation in the lower cortex. Quantification of the CD25 signal intensity in the SCZ, cortex and cortico-medullary junction indicated that in Lck-Cre + Cxcr4 fl/fl thymi, CD25 + cells resided mostly in the lower parts of the cortex, whereas in control thymi, a greater fraction of CD25 + cells were at the SCZ (Fig. 2b) . This aberrant distribution was not due to altered SDF-1α expression, as the SDF-1α staining in the thymi of Lck-Cre + Cxcr4 fl/fl mice was similar to that of control littermates ( Fig. 2a) . This observation was consistent with the diminished migration to SDF-1α by DN3 and DN4 cells from Lck-Cre + Cxcr4 fl/fl mice (Supplementary Fig. 2c ).
As SDF-1α-induced CXCR4 signaling has been linked to cell survival 30, 31 , we sought to determine whether the altered localization of CXCR4-null DN3 thymocytes could have affected their viability and thereby contributed to the lower thymocyte numbers in Lck-Cre + A r t i c l e s Cxcr4 fl/fl mice. We compared apoptotic cells in thymic cortical sections from Lck-Cre + Cxcr4 fl/fl mice and control Lck-Cre + Cxcr4 +/+ mice by staining for single-stranded DNA ( Fig. 2c) . We noticed many more apoptotic nuclei in cells from Lck-Cre + Cxcr4 fl/fl mice than in those from control mice ( Fig. 2c) . Quantification of multiple sections from different mice indicated there were threefold more apoptotic nuclei in the cortex of Lck-Cre + Cxcr4 fl/fl thymi than in control thymi ( Fig. 2d) . Notably, we did not detect apoptotic nuclei in the medulla of the Lck-Cre + Cxcr4 fl/fl mice ( Fig. 2c) . Furthermore, when we injected mice with dexamethasone, we saw many apoptotic nuclei in many parts of the cortex and medulla (Supplementary Fig. 3 ). Thus, the greater cell death in the Lck-Cre + Cxcr4 fl/fl mice correlated with regions of the cortex where the CD25 + thymocytes seem to accumulate.
Loss of CXCR4 impairs DN3 maturation
We then investigated whether the developmental defect observed in vivo was intrinsic to thymocytes lacking CXCR4 and whether the greater apoptosis was also recapitulated ex vivo. We assessed the transition of DN3 thymocytes to the DN4 stage (and subsequently the DP stage) on OP9-DL1 stromal cells 32 . We first confirmed that OP9-DL1 stromal cells expressed Sdf1 mRNA and SDF-1α protein ( Supplementary Fig. 4a,b) .
We added purified 'early' DN3 thymocytes (DN3E (called 'DN3e' here); small preselection CD4 − CD8 − CD44 − CD25 + cells) from control and Lck-Cre + Cxcr4 fl/fl mice to OP9-DL1 cells and assessed the emergence of DN4 and DP thymocytes on a time course of 8 d ( Fig. 3a and Supplementary Fig. 5a ). As thymocytes underwent developmental progression, we noticed a substantial decrease in the absolute number and percentage of DN4 and DP cells among the thymocytes recovered from the Lck-Cre + Cxcr4 fl/fl cultures, which essentially recapitulated the phenotype seen in Lck-Cre + Cxcr4 fl/fl mice (Fig. 3b ). This might have also occurred because of an unexpected effect of CXCR4 on Notch1 expression on the thymocytes; however, the loss of CXCR4 expression did not impair Notch1 expression in the various thymic subsets ( Supplementary Fig. 4c) .
It was still possible that the defect observed in the OP9-DL1 cultures after DN3e thymocytes appeared could have arisen from a secondary effect, as the DN3e cells were initially mislocalized in the Lck-Cre + Cxcr4 fl/fl mice. To test this possibility, we used three approaches. First we sorted bone marrow progenitor cells (Sca-1 + c-Kit + ) from Lck-Cre + Cxcr4 fl/fl mice and control Lck-Cre + Cxcr4 +/+ mice, seeded them on OP9-DL1 cells and analyzed them over a 22-day period ( Fig. 3c) . Bone marrow progenitor cells from both control and Lck-Cre + Cxcr4 fl/fl mice showed normal development of Thy-1 + cells up to the DN2 stage (on day 16), similar fractions that had begun to mature into DN3 cells, and similar total cell numbers on day 18 ( Fig. 3d) . However, by day 22, progenitors from Lck-Cre + Cxcr4 fl/fl mice showed a severe defect in absolute cell numbers and in the DN3-to-DN4 transition ( Fig. 3d) . As the DN3 thymocytes in these cultures arose from bone marrow progenitor cells ex vivo, this suggested that the defect in the DN3-to-DN4 transition due to lack of CXCR4 was intrinsic to the thymocytes and was not a secondary effect due to mislocalization. In a second approach, we seeded purified DN1 thymocytes from Lck-Cre + Cxcr4 fl/fl mice and control mice on OP9-DL1 cells. In contrast to control cells, Lck-Cre + Cxcr4 fl/fl thymocytes showed a considerable defect in the DN3-to-DN4 transition and in the generation of DP thymocytes, along with lower absolute cell numbers ( Fig. 3e,f) . As a third approach, we sorted DN3e thymocytes from control C57BL/6 mice and seeded them on OP9-DL1 cultures in the presence or absence of the CXCR4 antagonist AMD3100. AMD3100 impaired the DN3-to-DN4 transition and resulted in lower absolute cell numbers, consistent with the survival defect we observed for DN3 thymocytes from Lck-Cre + Cxcr4 fl/fl mice ( Fig. 3g ). Together these data suggested a cell-autonomous requirement for CXCR4 in the progression through the β-selection checkpoint, even in conditions of optimal pre-TCR and Notch signaling in the OP9-DL1 system.
CXCR4 is essential for pre-TCR-mediated survival
We next sought to determine how loss of CXCR4 affected the apoptosis of DN thymocytes in the ex vivo cultures. We plated sorted DN3e thymocytes on OP9-DL1 cells and assessed cell death by annexin V staining. There was a progressive increase in the fraction of annexin V-positive DN3 thymocytes from Lck-Cre + Cxcr4 fl/fl mice over time, up to 30% (Fig. 4a,b) ; in the same conditions, the fraction of annexin V-positive DN3 thymocytes from control mice remained constant. This suggested that even in conditions of optimal pre-TCR and Notch signaling, CXCR4 is required for the survival of DN thymocytes. Pre-TCR signaling induces the survival of DN thymocytes during β-selection 33 . Bcl-2A1 (also called Bfl1) is a pre-TCR-inducible prosurvival molecule that can protect early thymocytes from cell death 24 . As survival signals in DN thymocytes seemed defective in the absence of CXCR4, we used two different approaches to determine whether CXCR4 contributes to the pre-TCR-dependent expression of the cluster of genes encoding Bcl-2A1 (Bcl2a1a-Bcl2a1d; collectively called 'Bcl2a1' here). First we examined Bcl2a1 mRNA expression in freshly isolated thymocytes from Lck-Cre + Cxcr4 fl/fl mice, specifically in the sorted DN3e (preselection), DN3L (post-selection) and DN4 populations ( Fig. 4c) . Bcl2a1 was upregulated as thymocytes progressed from DN3e to DN4 in control mice but not in Lck-Cre + Cxcr4 fl/fl mice. In contrast, control and Lck-Cre + Cxcr4 fl/fl mice had similar amounts of Bcl2l1 mRNA (encoding the antiapoptotic factor Bcl-x L ), Bcl2 mRNA and Mcl1 mRNA (encoding the antiapoptotic protein Mcl-1; data not shown).
As a second independent approach, we sought to determine whether induction of Bcl2a1 mRNA expression induced by pre-TCR stimulation achieved by intraperitoneal injection of antibody to CD3 (anti-CD3) in mice requires CXCR4. In control experiments with mice deficient in recombination-activating gene 2 (Rag2 −/− mice), we established that Bcl2a1 mRNA expression was induced in DN thymocytes after injection of anti-CD3 ( Supplementary Fig. 6) ; it is noteworthy that in these conditions, expression of Bcl2l1 and Bcl2 mRNA was not induced, and the expression of Il2ra mRNA (encoding the interleukin 2 receptor α-chain) decreased as the DN3 thymocytes transitioned to the DN4 stage. Notably, in Lck-Cre + Cxcr4 fl/fl mice, Bcl-2A1 induction after injection of anti-CD3ε was impaired ( Fig. 4d) . These studies suggest a requirement for CXCR4 in pre-TCRdependent induction of Bcl-2A1, which correlates with the survival defect of DN thymocytes in Lck-Cre + Cxcr4 fl/fl mice.
CXCR4 functions as a costimulator with the pre-TCR
The data reported above also suggested that CXCR4 works together with the pre-TCR, perhaps as a costimulator, to regulate downstream signaling events during β-selection. To test that hypothesis, we addressed whether the block in DN-to-DP differentiation due to the loss of CXCR4 could be compensated for by sustained TCR signaling. We crossed D011.10 TCR-transgenic mice with Lck-Cre + Cxcr4 fl/fl mice and analyzed the appropriate progeny ( Fig. 5a) . Notably, expression of the transgenic TCR failed to 'rescue' the defect due to CXCR4, as shown by the lower total thymic cellularity and fewer DN4 thymocytes in the DO11.10 Lck-Cre + Cxcr4 fl/fl mice (Fig. 5b) . We confirmed that the transgenic TCR was indeed expressed in Lck-Cre + Cxcr4 fl/fl mice (Fig. 5c) .
We also used another approach to determine whether a strong signal through crosslinking of the pre-TCR on DN thymocytes, induced by intraperitoneal injection of anti-CD3ε, could rescue the developmental defect in Lck-Cre + Cxcr4 fl/fl mice (Fig. 5d) . Although anti-CD3 caused lower total cellularity in both control mice and Lck-Cre + Cxcr4 fl/fl mice (ascribed to a loss of DP thymocytes), the CXCR4-deficient DN3 thymocytes still showed a block in their progression from DN3 to DN4. This again suggested that CXCR4 provides a nonredundant signal that cannot be overcome by enhanced pre-TCR signaling at the DN3 stage.
A possible function for SDF-1α-induced CXCR4 signaling in promoting cell growth has been described in other tissues 34 . Therefore, we sought to determine whether there might be a defect in the proliferation of CXCR4-deficient thymocytes. Intraperitoneal injection of 5-bromodeoxyuridine did not demonstrate an obvious proliferative defect in CXCR4-deficient thymocytes in vivo (data not shown).
To assess the effect of CXCR4 on the proliferation of DN thymocytes ex vivo, we labeled sorted DN3e thymocytes with the cytosolic dye CFSE and seeded them on OP9-DL1 cells. DN thymocytes from control mice proliferated robustly in these conditions, as shown by dilution of the CSFE signal. In contrast, those DN cells from Lck-Cre + Cxcr4 fl/fl mice that did survive showed impaired proliferation (Fig. 5e) . This suggests that CXCR4 promotes the proliferation as well as the survival of DN thymocytes as they undergo β-selection.
Regulation of CXCR4 signaling by the pre-TCR
We next sought to determine whether CXCR4-mediated signals were influenced by the pre-TCR ( Fig. 6) . Using SDF-1α-mediated chemotaxis as the 'readout' , we assessed whether pre-TCR expression influenced CXCR4-dependent thymocyte migration. DN3 thymocytes from Rag2 −/− mice (which lack the pre-TCR) 35 migrated poorly toward SDF-1α; in contrast, thymocytes from Rag2 −/− TCRβ-transgenic mice 36 showed substantial chemotaxis to SDF-1α ( Fig. 6a) . Notably, thymocytes from Rag2 −/− mice and Rag2 −/− TCRβ-transgenic mice had similar surface expression of CXCR4 (Fig. 6c) . Moreover, DN3 thymocytes from Rag2 −/− TCRβ-transgenic mice showed little migration toward bovine serum albumin (Fig. 6a) , which ruled out the possibility of random movement as an explanation for the defective chemotaxis.
The observation reported above indicating a requirement for the pre-TCR in regulating CXCR4-dependent events was also recapitulated in a pair of pre-T cell lines 37 . The parental SCIET27 line, which lacks the pre-TCR, migrated poorly toward SDF-1α, whereas the pre-TCR-expressing derivative SCB29 migrated robustly (Fig. 6b) . The two lines had similar CXCR4 surface expression ( Fig. 6c) , and we observed the enhanced migration of SCB29 over a range of SDF-1α concentrations (data not shown). As cell migration depends on the ability to rearrange the actin cytoskeleton, we assessed the state of actin polymerization in the two cell lines. SCIET27 cells had less induction of actin polymerization by SDF-1α than did SCB29 cells (Fig. 6d) . Finally, we detected inducible colocalization between CXCR4 and the pre-TCR as early as 2-5 min after SDF-1α stimulation, and this colocalization lasted for 30-60 min (Fig. 6e and data not shown). Together these observations suggest bidirectional crosstalk between CXCR4 and the pre-TCR.
CXCR4 signals involved in the chemotaxis of DN thymocytes
Our studies linked Bcl-2A1 to CXCR4-and pre-TCR-induced survival. We next sought to identify the signaling intermediates that may be important for CXCR4-and pre-TCR-dependent migration of DN thymocytes. Modulating the phosphorylation and activation of Erk kinases (Erk1 and Erk2; collectively called 'Erk' here) has been proposed to be part of the costimulatory signal delivered through chemokine receptors 38 . Thus, we tested SDF-1α-and CXCR4-mediated activation of Erk in cells with or without pre-TCR expression. Erk phosphorylation induced by SDF-1α in the SCB29 cells was of greater magnitude and more sustained duration than that of the pre-TCR-negative SCIET27 cells (Fig. 6f) . In contrast, we did not detect such a difference in the phosphorylation of Akt, another signaling molecule downstream of SDF-1α 39 (Supplementary Fig. 7) . We also found Erk phosphorylation induced by SDF-1α in primary thymocytes ( Supplementary  Fig. 8a) . We then tested whether inhibition of Erk activation with a membrane-permeable inhibitory Erk1 peptide (iErk peptide) 40 in DN3 thymocytes affected migration toward SDF-1α. The migration of DN3 thymocytes to SDF-1α was abrogated by the iErk peptide but not by a control peptide ( Fig. 6g and Supplementary Fig. 9a) , consistent with a published report linking Erk activation to SDF-1α-dependent migration in other tissues 41 . The iErk peptide inhibited actin polymerization in DN thymocytes in response to SDF-1α (Fig. 6h) . This inhibition was not due to negative effects of iErk peptide on the viability of the thymocytes (Supplementary Fig. 8b) . These data identify Erk activation as an important signaling event downstream of the pre-TCR and CXCR4 that regulates the chemotaxis of DN3 cells to SDF-1α. Studies of Jurkat cells have suggested that signaling molecules such as Zap70 and SLP-76 can affect CXCR4-dependent calcium responses 15, 42 . We addressed the importance of calcium flux and Erk ; arrowheads indicate close interaction between CXCR4 (green) and the pre-TCR (red). Original magnification, ×100. DIC, differential interference contrast. (f) Immunoblot analysis (IB) of Erk phosphorylation (p-Erk) in SCIET27 and SCB29 cells stimulated for 0-120 min (above lanes) with SDF-1α. Red numbers, densitometry analysis of Erk phosphorylation, presented relative to total Erk expression. (g) Transwell assay of the migration toward SDF-1α of C57BL/6 DN3 thymocytes treated with the iErk peptide, AMD3100, EGTA or BAPTA, presented relative to total cell input. (h) F-actin polymerization in DN3 thymocytes pretreated with iErk, a Flag peptide (Control) or vehicle alone and stimulated with SDF-1α, assessed as described in d. (i) Spectrofluorimetry of calcium flux in Indo-1-labeled SCIET27 and SCB29 cells stimulated with SDF-1α. (j) F-actin polymerization in SCB29 cells left untreated or treated with EGTA or BAPTA and stimulated with SDF-1α, assessed as described in d. Data are representative of five (a,b,f), three (c), two (d,e,g-i) or more than two (j) experiments (error bars (a,b,g), s.d.).
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volume 11 number 2 february 2010 nature immunology A r t i c l e s activation in the migration toward SDF-1α. The addition of SDF-1α induced calcium flux in thymocytes in a manner dependent on coexpression of the pre-TCR (Fig. 6i) . However, the addition of EGTA or BAPTA (a calcium-specific chelator that blocks mainly SDF-1αinduced calcium flux) had no substantial effect on the migration of thymocytes toward SDF-1α ( Fig. 6g) . We obtained similar results with the pre-TCR-expressing cell line SCB29 (Supplementary Fig. 9b ). In these same experiments, the addition of the iErk peptide blocked the SDF-1α-induced migration. Moreover, the actin polymerization observed after stimulation with SDF-1α was not blocked by the addition of BAPTA or EGTA but was inhibited by the iErk peptide ( Fig. 6h,j) . The activation of Erk downstream of CXCR4 also seemed to be independent of calcium flux (Supplementary Fig. 9c ). Together these data suggest that SDF-1α stimulation in DN thymocytes induces at least two distinguishable downstream signaling events, calcium flux and Erk activation; of these, only Erk activation was critical for migration toward SDF-1α.
The adaptor protein ShcA (A002150) becomes tyrosinephosphorylated downstream of the pre-TCR, and ShcA-mediated signaling contributes up to 70% of Erk phosphorylation in DN thymocytes 43 . Moreover, mice with conditional deletion of ShcA in thymocytes (Lck-Cre + Shc1 fl/fl mice) 43, 44 and mice with conditional expression of a dominant negative mutant ShcA protein (Lck-Cre + ShcFFF mice) 43, 44 show a strong block in DN3-to-DN4 progression during β-selection; this block in development correlates with the much lower Erk phosphorylation in DN3 and DN4 thymocytes in these mice 43, 44 . Several observations suggested a role for ShcA downstream of CXCR4 and the pre-TCR. ShcA was phosphorylated after SDF-1α stimulation, and sustained phosphorylation of ShcA was dependent on the expression of both CXCR4 and the pre-TCR (Fig. 7a) . These findings correlate with a study describing CXCR4-dependent Shc phosphorylation in Jurkat T cells 45 . In addition, DN3 thymocytes from Lck-Cre + Shc1 fl/fl mice ( Fig. 7b) and Lck-Cre + ShcFFF mice (data not shown) showed poor migration toward SDF-1α, despite having CXCR4 expression similar to that of control mice. We noted less migration of thymocytes from Lck-Cre + Shc1 fl/fl mice toward various concentrations of SDF-1α, and there was no apparent defect in the migration of these thymocytes to CCL25 (CCR9 ligand; data not shown). F-actin polymerization in response to SDF-1α in DN thymocytes from Lck-Cre + Shc1 fl/fl mice was severely impaired (Fig. 7c) , although thymocytes from Lck-Cre + Shc1 fl/fl mice had no apparent defect in calcium flux induced by SDF-1α (Fig. 7d) . These findings suggest that ShcA activation and calcium flux represent distinct signaling events induced downstream of CXCR4 stimulation. Notably, DN4 thymocytes from Lck-Cre + Shc1 fl/fl mice retained higher CXCR4 expression on their surface than that of control thymocytes (Fig. 7e) , which suggested a role for ShcA-mediated signaling in the down-modulation of CXCR4 as cells progress through β-selection. Finally, the steady-state localization and distribution of the CD25 + thymocytes was altered in Lck-Cre + Shc1 fl/fl mice, with an accumulation in the lower cortex, despite similar distribution of SDF-1α in the thymic cortex ( Fig. 7f,g) . Together these data suggested that ShcA and Erk function as relevant early signaling molecules downstream of CXCR4 and the pre-TCR in DN thymocytes.
DISCUSSION
Although the requirement for the pre-TCR during β selection is well established 46 , how it functions with other receptors expressed on thymocytes is not well understood. In this report, we identify a previously unrecognized role for the chemokine receptor CXCR4 as a costimulator that functions together with the pre-TCR to promote the DN3-to-DN4 transition. So far, to our knowledge only one study has directly addressed the role of CXCR4 in early thymocyte development. Experiments using a bone marrow-chimera approach have reported a role for CXCR4 in regulating thymocyte differentiation at the DN1 and DN2 stages; because of that early arrest, subsequent developmental points were not studied 17 . However, that observation is puzzling, as the strain of Lck-Cre used by those authors 17 (originally generated by J. Marth) is supposed to initiate deletion of floxed genes only at the late DN stages. Lack of knowledge as to the stage at which Cre-mediated deletion of Cxcr4 occurred in those mice makes the observations difficult to interpret. It is noteworthy that reanalysis of thymi from those same Lck-Cre + Cxcr4 fl/fl mice (without bone marrow transplantation) has shown no defect at the DN1 and DN2 stages (Y.S. and D.R.L., unpublished observations). Thus, the unusual observation reported before 17 was probably due to technical aspects of the bone marrow-chimera approach, possibly related to colonizing niches in the thymus or competition between transferred and host progenitors.
On the basis of the studies reported here, we propose that the requirement for CXCR4 in early thymocyte development may involve at least three possible mechanisms. First, CXCR4 seemed to regulate the steady-state localization of CD25 + thymocytes at the thymic SCZ rather than lower parts of the cortex. Second, CXCR4 seemed to function as a costimulator with the pre-TCR to provide survival signals that are essential during thymocyte maturation. Third, CXCR4 also promoted optimal proliferation of DN thymocytes.
Our studies have also shown that the pre-TCR regulates CXCR4dependent migration and, reciprocally, CXCR4 influences the pre-TCR-dependent induction of survival proteins. Specifically, CXCR4 regulates the ability of the pre-TCR to induce upregulation of Bcl-2A1 expression. It is noteworthy that in these conditions, the expression of other antiapoptotic and proapoptotic Bcl-2 members was not affected by the loss of Cxcr4 and that stimulation of CXCR4 alone by the addition of SDF-1α did not stimulate upregulation of Bcl2a1 mRNA in DN thymocytes. Thus, our data suggest that Bcl-2A1 expression in DN thymocytes undergoing β-selection depends on the integration of signals from the pre-TCR and CXCR4. It is possible that posttranslational mechanisms (such as phosphorylation or changes in localization) may also contribute to the balance of proapoptotic and antiapoptotic signals. However, published studies of Jurkat T cells and mature T cells investigating signaling events downstream of CXCR4 have suggested a role for Zap70 and SLP-76 in regulating transcriptional events 15, 42 . Whether these proteins influence Bcl2a1 mRNA expression downstream of pre-TCR and CXCR4 signals remains to be determined. Autophagy has also been linked to T lymphocyte survival, and a study has suggested a role for CXCR4 in HIV-induced CD4 cell death through autophagy 47 . However, in our initial studies, we did not detect a defect in the transcription of autophagy-related genes in the DN thymic subsets from Lck-Cre + Cxcr4 fl/fl mice. As for CXCR4-and SDF-1α-induced migration of DN thymocytes, we have identified a key role for the phosphorylation and activation of Erk and ShcA in actin polymerization. As ShcA and Erk are ubiquitously expressed, these signaling intermediates downstream of CXCR4 could be relevant not only for T cell biologists but also those studying CXCR4dependent migration of stem cells and neuronal cells.
Finally, CXCR4 is also a coreceptor for HIV, and the phenotype of disturbed thymic development in pediatric patients with AIDS is not well understood 48 . Notably, CXCR4-mediated actin rearrangements are critical in the establishment of HIV infection in resting T cells 49 . Our findings indicating that interference with CXCR4 function affected thymic development and that Erk and ShcA regulated actin polymerization downstream of CXCR4 may also shed light on AIDS-related T cell pathologies.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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